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Abstract
The thesis, which begins with an introduction (chapter 1) followed by 4 chapters, is outlined here. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a51_figureNO9.jpg" \t "_blank​) 
The thesis mainly deals with the synthesis, charaterisation and applications of new solid bases obtained by rehydration of calcined layered double hydroxides (LDHs) / hydrotalcite-like compounds (HTLCs) or by anion-exchange of layered double hydroxides. The first chapter highlights the importance of heterogeneous catalysis and discuss various options for the synthesis of heterogeneous catalysts. An overview of solid bases is also configured. The need and development of "cleaner" and "greener" alternative technologies using especially solid bases for the preparation of fine chemicals and pharmaceuticals is also stressed in this chapter. Chapter 2 mainly deals with the synthesis and characterisation of rehydrated Mg-Al layered double hydroxides with various compositions and application of these materials as catalysts for the aldol, Knoevenagel, Henry, and Michael reactions. Chapter 3 presents the synthesis and characterisation of Mg-Al-O-t-Bu layered double hydroxides with various compositions and evaluated in the Wadsworth-Emmons reaction. Chapter 4 describes the evaluation of Mg-Al-O-t-Bu layered double hydroxides catalyst, a solid base in oxidation of sec- and tert-amines and sulfides to nitrones, N-oxides and sulfones, respectively. The use of recently developed OsO4 2- exchanged Mg-Al layered double hydroxides for the oxidation of sulfides to sulfones using molecular oxygen as stoichiometric oxidant in liquid phase conditions is also discussed. Chapter 5 describes the application of LDHs composing of different metals as catalysts in the oxidation of alcohols to carbonyl functionality using molecular oxygen as stoichiometric oxidant. CHAPTER-1 INTRODUCTION This chapter describes the various catalyst/process options available for an industrial chemist to effect different organic transformations. It includes a brief introduction of homogeneous, heterogeneous, heterogenised homogeneous catalytic systems and basic concepts commonly encountered in catalysis such as selectivity, turnover number, atom economy etc. The importance of selective organic transformations and the need for the design and development of environmentally cleaner catalytic methodologies is also highlighted. This chapter also describes the importance of clays as catalysts for organic synthesis. The clays are divided into anionic clays and cationic clays. The anionic clays otherwise called as hydrotalcites/layered double hydroxides (LDHs) are a large class of naturally occurring and synthetic clay-like materials with positively charged polymeric mixed-metal hydroxide layers separated by expandable interlayer regions containing anions and water molecules, the calcination of which lead to the formation of solid solutions of homogeneously dispersed mixed metal oxides which are catalytically active and create centers of unusual reactivity. The structural, physical and catalytic properties of layered double hydroxides are discussed in length. The genesis of the present work is also included in Chapter 1.CHAPTER-2 SYNTHESIS, MODIFICATION AND CHARACTERISATION OF Mg-Al LAYERED DOUBLE HYDROXDES AND THEIR CATALYTIC APPLICATIONS The chapter is divided into 4 sections. Section-1 Synthesis, characterisation of modified Mg-Al layered double hydroxides: A useful solid base catalyst for aldol condensations This section deals with the synthesis and characterisation of the modified Mg-Al- LDH catalyst (Scheme 1) and its application in aldol reactions. Synthesis and activation of the catalyst: The modified Mg-Al-LDH catalysts were synthesized by a co-precipitation method. Mg-Al-CO3 LDH synthesised with Mg/Al ratio of 2, 2.5 or 3 was first calcined at 450 o C in a flow of air at the rate of 10 o C per minute to reach 450 o C and maintained for 8 h. The solid was then rehydrated at room temperature under flow of nitrogen gas (6 L/ h) saturated with water vapour for about 6 h and used for the reactions. 
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Scheme 1. Plausible structure of modified Mg-Al LDH catalyst. The obtained solid base catalysts were fully characterised by using various instrumental techniques such as powder XRD, TGA, DTA, FT-IR spectroscopy, SEM, and Particle size distribution. The obtained solid base catalyst was initially tested for the aldol condensation reaction (Scheme 2). The versatile aldol condensations have numerous applications in the elegant synthesis of fine chemicals and are classically catalysed by bases. These methods however, suffer from certain drawbacks, such as tedious work-up procedures, lack of reusability, requirement of large amount of acids to neutralise bases or vice-versa, which are incompatible to modern industry. 
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Scheme 2. Aldol condensation between acetone and substituted benzaldehydes The reported works on aldolisations using LDHs were performed generally at higher temperatures. In the present chapter, we effected modification of LDHs catalysts by tuning basicity to obtain compatible basic sites and used for base catalysed condensation reactions in liquid phase under very mild reaction conditions. The modified Mg-Al LDH catalyst shows excellent activity for aldol condensations and gives quantitative yields at a faster rate of the reaction under very mild liquid phase conditions for first time. Significant Achievements: The modified Mg-Al LDH catalyst shows greater potential due to its tuneable property by multiple options such as changing the metal ratio or interlayer anions. This new catalyst becomes a practical alternative to soluble bases for aldol reactions in view of the following advantages. ? high catalytic activity under very mild liquid phase reaction conditions ? easy separation of the catalyst by simple filtration ? waste minimisation ? reusability Section-2 Knoevenagel condensations by modified Mg-Al layered double hydroxides: A useful solid base catalyst in synthetic organic chemistry The Knoevenagel condensation, one of the most important reactions in organic chemistry with numerous applications in industry and laboratoryis classically catalysed by bases. The main limitations in the current processes are the use of stoichiometric amount of base to substrate, longer reaction times, reactor corrosiveness, lower yields, and generate large quantities of salts by neutralising bases or vice-versa which renders the process incompatible to the environment and uneconomical. In this regard we designed a mild catalytic method for Knoevenegel condensation (Scheme 3) of several substituted aromatic aldehydes with malononitrile and ethyl cyano acetate as donors in moderate to excellent yields using modified Mg-Al LDH as a reusable catalyst for the first time. 
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Scheme 3. Knoevenegel condensation of different carbonyl compounds with malononitrile or ethyl cyano acetate. High lights of the present catalytic system: This new catalyst will be a practical alternative to soluble bases for Knoevenagel reactions in view of the following advantages, a) high catalytic activity under very mild reaction conditions, b) easy separation of the catalyst by simple filtration, c) the catalyst is easy to handle and reusable for several cycles without loss of activity, and d) The present method is simple, rapid and clean over the existing procedures. Section-3 Henry reactions by modified Mg-Al layered double hydroxides: an efficient reusable solid base for selective synthesis of b b-nitroalkanols The Henry reaction (Scheme 4) (nitroaldol) is an important class of C-C bond forming reaction. The reaction is currently practiced using soluble bases to give b-nitroalkanols (3), important intermediates for a variety of useful compounds such as amino alcohols. However, the reaction displays poor selectivity with the formation of byproducts due to side reactions. In order to overcome the disadvantages, we designed and used the solid base in the form of modified Mg-Al LDH as a reusable catalyst for the first time. 
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Scheme 4. Henry reaction between nitromethane and various substituted aromatic and aliphatic aldehydes. We found that Mg-Al LDH is superior and highly selective towards the synthesis of b-nitroalkanols (3). Advantages: Compatible Bronsted basic hydroxy sites present in the modified Mg-Al LDH give rise to selective nitroaldol reaction with excellent yields in shorter times which is superior than the methodologies described earlier. a) high catalytic activity under very mild liquid phase conditions, b) easy separation of the catalyst by simple filtration, c) excellent yields and 100% selectivity of b-nitroalkanols at faster rates of reaction, d) use of non-toxic and inexpensive materials, (e) recycling of the catalyst, and f) zero emission of pollutants. The present catalytic system is thus a potential alternative to soluble bases. Section-4 The first example of Michael addition catalysed by modified Mg-Al layered double hydroxides The Michael reaction is one of the most efficient methods effecting carbon-carbon bond formation and is widely employed in bulk and fine chemical industries. Classically, these reactions are induced by soluble bases such as alkali metal alkoxides and hydroxides. The objectives are first to eliminate the formation of undesirable side products resulting from polymerization, self-condensation and bis-addition and secondarily to reduce the salts formed consequent to the neutralisation of soluble bases with acids. This objective is prompted by the stringent laws laid down all over the world for the protection of the environment. 
Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a51_figureNO14.jpg" \t "_blank​) 
Scheme 5. The Michael addition catalysed by modified Mg-Al LDH. In this contest, modified Mg-Al LDH is found to be an efficient and selective solid base catalyst for the Michael reaction (Scheme 5) for the first time. Notable features of the present system include a) high catalytic activity under very mild liquid phase conditions, b) easy separation of the catalyst by simple filtration, c) no side reactions, d) use of non-toxic and inexpensive materials, e) recycling of the catalyst, and f) zero emission of pollutants. The present catalytic system is thus a potential alternative to soluble bases. CHAPTER-3 WADSWORTH-EMMONS REACTION: THE UNIQUE EXAMPLE OF CATALYTIC PROCESS BY Mg-Al-O-t-Bu LDH This chapter mainly focuses on the design, development, characterisation and evaluation of Mg-Al-O-t-Bu layered double hydroxides catalysts for Wadsworth-Emmons reaction, hitherto known as stoichiometric reaction. The challenge is to perform the heterogeneous catalytic reactions for C-C bond formation in the laboratory, bulk and fine chemical industries. The versatile Wadsworth-Emmons reaction (Scheme 6) has numerous applications in the elegant synthesis of intermediates for fine chemicals such as perfumes, fragrances, analgesics, insecticides, carotenoids, pheromones, pharmaceuticals, and prostagladins and were classically induced by bases under homogeneous conditions using stoichiometric amounts. 
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Scheme 6. The Wadsworth-Emmons reaction catalysed by Mg-Al-O-t-Bu LDH. Significant achievements The induction of unprecedented catalytic path to the Wadsworth-Emmons reaction possible by Mg-Al-O-t-Bu LDH finds wide applications both in laboratory and industry for the preparation of a,b-unsaturated nitriles, esters or fluorides. The structure of Mg-Al-O-t-Bu LDH obtained from the calcined LDH composed of unsaturated tetrahedral coordination of Al in LDH is responsible for the higher activity, while the inherent LDH characteristic, pH dependent exchangeability prevents the catalyst from neutralisation with (EtO)2P(O)OH. CHAPTER-4 OXIDATIONS BY NEW HETEROGENEOUS CATALYSTS This chapter describes the oxidation reactions of sec-, tert-amines, sulfides using oxidants such as hydrogen peroxide or molecular oxygen with new class of heterogeneous catalysts. This chapter is divided into two sections. Section-1 Mg-Al-O-t-Bu Layered Double Hydroxides for Oxidation of tert-Amines, sec-Amines and Sulfides We described in this section an efficient and heterogeneous tert-butoxide-exchanged Mg-Al-layered double hydroxides catalyst (Mg-Al-O-t-Bu LDH) for the oxidation of secondary amines, tert-amines and sulfides using aqueous H2O2 as an oxidant and benzonitrile as an additive in good to excellent yields. This represents the first report of oxidation of amines and sulfides using heterogeneous catalysts in environmentally benign transition metal free route. This section 1 is divided into 3 topics.Topic-1 Mg-Al-O-t-Bu LDH: A new procedure for selective oxidation of tert-amines to N-oxides using aqueous hydrogen peroxide We described in this topic an efficient and heterogeneous tert-butoxide-exchanged Mg-Al-layered double hydroxides catalyst (Mg-Al-O-t-Bu LDH) for the oxidation of aliphatic tertiary and secondary amines using aqueous H2O2 as an oxidant and benzonitrile as an additive in excellent yields for the first time via base catalysed mechanism (scheme 7). 
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Scheme 7. The oxidation of tert-amines to amine N-oxides catalysed by tert-butoxide-exchanged Mg-Al-layered double hydroxides catalyst (Mg-Al-O-t-Bu LDH) Aliphatic tert-amine N-oxides are the essential and main components for the ubiquitously used materials namely, hair conditioners, shampoos, toothpastes, laundry detergent powder, fabric softeners, toilet soaps or cosmetics as well as in biomedical area. The amine N-oxides thus obtained are the useful additives for the surfactants,for example sold under trade name Barlox 10S, while the N,N'-dimethylamine N-oxide is a very important intermediate in the preparation of synthetically useful olefins via the well known Cope elimination. Achievements: Heterogenised tert-butoxide-exchanged Mg-Al-layered double hydroxides catalyst (Mg-Al-O-t-Bu LDH) has shown excellent efficiency as reflected by its high turn over number and retention of catalytic activity for several cycles. The high throughput of the product, which lowers the inventories of the process by N-oxidation of tertiary amines to amine N-oxides, is a strong candidate for commercial exploitation. Topic-2 Mg-Al-O-t-Bu LDH: The first example of base catalysed selective oxidation of sec-amines to nitrones using aqueous hydrogen peroxide We described in this topic efficient and heterogeneous tert-butoxide-exchanged Mg-Al-layered double hydroxides catalyst (Mg-Al-O-t-Bu LDH) for the oxidation of secondary amines using H2O2 as an oxidant in the presence of benzonitrile with good to excellent yields (Scheme 8). Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a51_figureNO17.jpg" \t "_blank​) 
Scheme 8. The tert-butoxide-exchanged Mg-Al-layered double hydroxides catalyst (Mg-Al- O-t-Bu LDH) catalysed oxidation of secondary amines The present study describes the recyclable heterogenised base catalysed N-oxidation of secondary amines to nitrones in excellent yields. The attractive feature is the accomplishment of the reaction using eco-desired transition metal free reaction. The other advantages include the use of environmentally benign H2O2 as an oxidant, easy separation of the catalyst and high throughput, which make the process highly attractive to the currently practiced one. Topic-3 Mg-Al-O-t-Bu LDH: A novel procedure for one pot synthesis of sulfones from sulfides using aqueous hydrogen peroxide We described in this topic, an efficient and heterogeneous tert-butoxide-exchanged Mg-Al-layered double hydroxides catalyst (Mg-Al-O-t-Bu LDH) for the oxidation of sulfides to sulfones (Scheme 9) using H2O2 as an oxidant in the presence of benzonitrile in quantitative yields with 100% selectivity. 
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Scheme 9: Mg-Al-O-t-Bu LDH catalysed oxidation of sulfides The present study represents the first example wherein the heterogenised tert-butoxide- exchanged Mg-Al-layered double hydroxides (Mg-Al-O-t-Bu LDH) is used in catalytic amounts for the oxidation of sulfides to sulfones in one-pot. The high throughput of the product using catalyst as discussed lowers the inventories of the process to offer a potential competitive economically viable process. The merits of this system are shorter reaction times, highest atom efficiency, reusability, and a transition metal free oxidation. Section-2 Mg-Al-LDH-OsO4: The first example of activation of molecular oxygen by osmium in the oxidation of sulfides This section describes the improvement in the oxidation of sulfides to sulfones in one-pot with quantitative yields using molecular oxygen as stoichiometric oxidant with osmate-exchanged LDH catalyst. The sulfones are useful compounds in organic synthesis. Currently these are synthesised by many routes using H2O2, TBHP, H5IO6 as oxidants in the presence of transition metal complexes. Many of these methods are cumbersome in large-scale operations. However, from both an economic and environmental viewpoint, there is a growing demand for atom efficient catalytic methods that employ clean oxidants such as O2 and H2O2. Although few attempts are made enzymatically and photochemically, the methodology described in this section forms the first report of activation of molecular oxygen in the oxidation of sulfides. We have developed a new route for the synthesis of sulfones (2) from sulfides (1) (Scheme 10) in one-pot by Mg-Al-LDH-OsO4 catalyst using molecular oxygen as stoichiometric oxidant in quantitative yields at a shorter rate for the first time. Figure (​http:​/​​/​www.csirexplorations.com​/​images_et​/​a51_figureNO19.jpg" \t "_blank​) 
Scheme 10: Mg-Al-LDH-OsO4 catalysed oxidation of sulfides to sulfones using molecular oxygen. Important achievements include a) high catalytic activity under very mild conditions, b) easy separation of the catalyst by simple filtration, c) quantitative yields, (e) recycling of the catalyst, and f) zero emission of pollutants, g) No by-products.Co-Cr, Ni-Cr, Mg-Al-Rh LDHs: SYNTHESIS, CHARACTERISATION AND EVOLUTION IN ACTIVATION OF MOLECULAR OXYGEN FOR SELECTIVE OXIDATION OF ALCOHOLS The oxidation of alcohols into aldeyhdes and ketones is a ubiquitous transformation in organic chemistry, and numerous oxidising agents are available to effect this key reaction (Scheme 11). In most instances, these reagents are required in stoichiometric amounts and are usually toxic or hazardous, or both, moreover purification of the reaction products is often demanding and laborious. However, from both an economic and environmental viewpoint, there is a growing demand for atom efficient catalytic methods that employ clean oxidants such as O2 and H2O2. 
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Scheme 11: Oxidation of alcohols by molecular oxygen catalysed by LDHs. Co-Cr, Ni-Cr, Mg-Al-Rh LDHs efficiently oxidise a wide range of alcohols such as allylic, benzylic and a-ketols to the corresponding carbonyl compounds under mild reaction conditions by employing molecular oxygen as the stoichiometric oxidant. This process is not only economically viable but also applicable to large-scale reactions. Moreover, the high yields of oxidised products can be obtained in heterogeneous catalysis using LDHs as catalysts. New developments: The catalysts were well charaterised by various instrumental techniques such as IR, TGA-DTA, XPS (ESCA), powder XRD and particle size distribution. The activity is well correlated to the structure of LDHs. 


